Integrated nonreciprocal optical components, which have an inherent asymmetry between their forward and backward propagation direction, are key for routing signals in photonic circuits. Here, we demonstrate a fiber-integrated quantum optical circulator operated by a single atom. Its nonreciprocal behavior arises from the chiral interaction between the atom and the transversally confined light. We demonstrate that the internal quantum state of the atom controls the operation direction of the circulator and that it features a strongly nonlinear response at the single-photon level. This enables, for example, photon number-dependent routing and novel quantum simulation protocols. Furthermore, such a circulator can in principle be prepared in a coherent superposition of its operational states and may become a key element for quantum information processing in scalable integrated optical circuits.
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A s their electronic counterparts, integrated optical circuits require nonreciprocal elements, such as diodes and circulators, for signal routing and processing. Bulk optical implementations of such components are readily available and rely mostly on a nonreciprocal polarization rotation via the Faraday effect. However, this mechanism cannot straightforwardly be translated to integrated optics because nanooptical structures are typically birefringent (1) . Demonstrations of integrated nonreciprocal devices therefore rather used, for example, nonlinear optical effects (2) (3) (4) , time-modulation of the waveguide (5-7), or magneto-optical effects in conjunction with the extraordinary polarization properties of strongly confined light fields (1, 8, 9) . None of these approaches could simultaneously realize strong nonreciprocity, low loss, and compatibility with low light levels. However, these characteristics are crucial when it comes to quantum applications such as quantum communication (10), quantum information processing (11) , and quantum simulation (12) . There, information is encoded in individual photons, and their loss must be avoided as much as possible. This condition narrows down the scope of quantum-compatible nonreciprocal optical elements to nonreciprocal phase shifters and circulators.
We experimentally realized a fiber-integrated circulator that is capable of routing individual photons for quantum optical applications. It is operated by a single atom that is coupled to the evanescent field of a whispering-gallery-mode (WGM) microresonator. The latter is interfaced with two coupling fibers (13, 14) , realizing a fourport device ( Fig. 1A) . We demonstrate that the internal quantum state of the atom controls the operation direction of the circulator. Furthermore, we show that being controlled by a single atom, our device features photon number-dependent routing capability that has application in, for example, novel quantum simulation protocols.
In order to achieve efficient routing, the coupling rates k a and k b between the resonator field and the field in the respective coupling fiber "a" or "b" are adjusted so that both fibers are approximately critically coupled to the empty resonator: k a ≈ k b ≫ k 0 , where k 0 is the intrinsic resonator field decay rate. When no atom is coupled to the resonator mode, this realizes an add-drop filter (13, 14) in which light that is launched into one fiber will be transferred to the other fiber via the resonator. Because of its strong transverse confinement, the evanescent field of the clockwise (cw) propagating resonator mode is almost fully circularly polarized (15) . Its electric field vector rotates counterclockwise in the plane orthogonal to the resonator axis (z axis), corresponding to spolarization ( Fig. 1B) . Timereversal symmetry then implies that the evanescent field of the counterclockwise (ccw) propagating mode is almost fully s + -polarized (15) . Coupling such "spin orbit-locked" light fields to single quantum emitters gives rise to the new paradigm of chiral quantum optics (16) . In the context of WGMs, it recently enabled the implementation of an optical switch controlled by a single photon (17) and the extraction of a single photon from an optical pulse (18) . Moreover, an optical isolator was realized that either transmits or dissipates fiber-guided light depending on its propagation direction (19) . For the circulator, we resonantly coupled a single 85 Rb atom to the resonator, which is prepared in the outermost Zeeman sublevel m F = +3 of the 5S 1/2 , F = 3 hyperfine ground state. Thus, the two counterpropagating resonator modes couple to an effective V-level system (Fig. 1C ). Remarkably, the strength of the transition to the 5P 3/2 , F′ = 4, m F ′ = +4 excited state is 28 times stronger than that to the F′ = 4, m F ′ = +2 state (20) . As a consequence, light in the ccw mode interacts strongly with the atom with a coupling strength g ccw , whereas light in the cw mode exhibits much weaker coupling, g cw ≪ g ccw . This chiral (directiondependent) light-matter interaction breaks Lorentz reciprocity (19, (21) (22) (23) (24) (25) . In particular, the presence of the atom changes the resonator field decay rate from k tot = k 0 + k a + k b to k tot + G cw/ccw , where G cw/ccw = g 2 cw/ccw /g is the direction-dependent atom-induced loss rate (26) and g = 2p × 3 MHz is the dipole decay rate of Rb. For light in the cw mode, G cw is small, and the field decay rate is not substantially modified by the atom, whereas for the ccw mode, G ccw can become comparable with or even exceed k tot . Consequently, the adddrop functionality is maintained when light is launched into those fiber ports for which it couples to the cw mode ( Fig. 1D , input ports 2 and 4). However, for the two other input ports ( Fig. 1D, 1 and 3 ), the light couples to the ccw mode, and the resonator-atom system operates in the undercoupled regime
Thus, the incident light field remains in its initial fiber. Overall, the device thus realizes an optical circulator that routes light from the input port i to the adjacent output port i + 1 with i ∈ {1, 2, 3, 4} ( Fig. 1D ). Preparing the atom in the opposite Zeeman ground state, F = 3, m F = −3, exchanges the roles of the cw and ccw mode and thus yields a circulator with reversed operation direction. Hence, the circulator is programmable, and its operation direction is defined by the internal state of the atom. For nonperfect circular polarization of the modes and our experimental parameters (g ccw ≈ 2p × 12 MHz), the ratio between G ccw ≈ 2p × 48 MHz and G cw ≈ 2p × 1.7 MHz is finite (26) . Concerning the performance of the circulator, there is thus a trade-off between efficient light transfer from one fiber to the other via the cw mode, which implies k a , k b ≫ k 0 + G cw and the condition that the presence of the atom should substantially influence the field decay rate (Eq. 1). To find the optimum working point in our experiment, we measured the circulator performance as a function of the fiber-resonator coupling strengths k a and k b , which can be adjusted by changing the distance between the respective fiber and the resonator surface. We imposed the constraint that fiber a is critically coupled to the empty resonator that is loaded with fiber b: k a = k b + k 0 (26) . For each setting, we measured the transmissions T i,j to all output ports j when sending a weak coherent probe field into the four different input ports i (26). The relevant transmissions as a function of k tot are shown in Fig. 2, A and B .
To quantify the performance of the circulator, we calculated the overlap of the renormalized transmission matrix T ¼ ðT i;j =h i Þ, with the one expected for the ideal circulator, T id (Fig. 3A) . Here, h i ¼ X k T i;k is the survival probability of a photon entering port i. Thus, the average operation fidelity of our circulator is
This quantity-also called inquisition (27)-gives the probability of a correct circulator operation averaged over its eigenstates. The minimum fidelity is F ¼ 0, whereas F ¼ 1 is reached for ideal operation. For any reciprocal device ðT ¼ T T Þ, the fidelity is bound by F ≤ 0:5. In Fig. 2 , C and D, we plot F and the average photon survival probability h ¼ X i h i =4 as a function of k tot . The results show an optimum circulator performance for k tot /2k 0 = 2.2, where F ¼ 0:72 ± 0.03 and, at the same time, h = 0.73 ± 0.04. The measured transmission matrix (T i, j ) for the optimum working point (Fig. 3B) shows good qualitative agreement with T id . In order to demonstrate that the chiral atom-light coupling is at the origin of the nonreciprocal behavior, we also measured the transmission matrix without coupled atom and obtained a symmetric matrix (Fig. 3D) . The circulator performance can also be quantified by the isolations, I i = 10log(T i,i+1 /T i+1,i ), of the four optical diodes formed between adjacent ports. For the optimum working point, we obtained (I i ) = (10.9 ± 2.5, 6.8 ± 1.3, 4.7 ± 0.7, 5.4 ± 1.1) dB and an average insertion loss of −10 log h = 1.4 dB.
In order to reverse the operation direction of the circulator, we then prepared the atom in the opposite Zeeman ground state, F = 3, m F = −3 (26) . This results in a complementary V-type level scheme (Fig. 1C, dashed arrows) . For this case, we obtained the transmission matrix shown in Fig. 3C , again measured for the optimum fiberresonator coupling rate. Here, we observed a fidelity with respect to the reversed circulator of F ¼ 0:70 T 0:02, an average photon survival probability of h = 0.69 ± 0.02 corresponding to 1.6 dB average insertion loss, and optical isolations of (I i ) = −(8.3 ± 0.8, 4.9 ± 0.7, 3.7 ± 0.4, 5.6 ± 0.5) dB. Taking into account the sign change, these results agree well with the values obtained for the atom in the F = 3, m F = +3 state. State-of-the-art passive integrated optical circulators exhibit comparable isolations of~12 dB, but they are subject to orders-of-magnitude-higher insertion losses of~30 dB (8, 9) .
Last, in the regime of strong coupling, a single photon already saturates the atom (14, 17, 28) . Thus, the transmission properties for the case of two photons simultaneously impinging on the circulator should strongly differ from the singlephoton case. In order to demonstrate this quantum nonlinearity, we measured second-order correlation functions for all input-output combinations when the atom is prepared in F = 3, m F = +3 ( fig. S2 ). Those second-order correlations that yield the strongest signals are shown in Fig. 4 . As expected (26) , the strongest signals occur for the cases in which the photons couple into the ccw resonator mode. We observed photon antibunching for photons that remain in the initial fiber (forward direction of the circulator, 1 → 2, 3 → 4) and bunching for photons that are transmitted to the other fiber (backward direction of the circulator, 1 → 4, 3 → 2). This behavior illustrates the photon number-dependent routing capability; while individually arriving photons remain in their original fiber, simultaneously arriving photons are preferentially transferred to the other fiber.
The demonstrated circulator concept is useful for the processing and routing of classical signals at ultralow light levels in integrated optical circuits and networks. Beyond that, and in contrast to Second-order correlation, g (2) (t), as a function of the detection time delay t between pairs of photons, normalized so that g (2) (t) = 1 for t ≫ 1/k tot .The labels i → j indicate the input and output ports for the respective measurements. We use the same color code as in Fig. 2 ; the solid lines are guides to the eye.The error bars indicate the ±1s statistical error.
dissipative nonreciprocal devices, a circulator that is controlled by a single quantum system also enables operation in coherent superposition states of routing light in one and the other direction, providing a route toward its application in future photonic quantum protocols. The demonstrated operation principle is universal in the sense that it can straightforwardly be implemented with a large variety of different quantum emitters provided that they exhibit circularly polarized optical transitions and that they can be spin-polarized. Using state-of-the-art WGM microresonators (29) , one could realize a circulator with optical losses below 7% and close-to-unit operation fidelity (26) . This would then allow one to almost deterministically process and control photons in an integrated optical environment. Arranging N circulators so that they form a linear array allows one to realize a (2N + 2)-port optical circulator. Moreover, two-and three-dimensional networks of quantum circulators are potential candidates for implementing lattice-based quantum computation (30) . Such networks would enable the implementation of artificial gauge fields for photons (31) (32) (33) , in which a nonlinearity at the level of single quanta allows for the flux to become a dynamical degree of freedom that interacts with the particles themselves (34) .
